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EXTENDED DEPTH OF FIELD OPTICS FOR HUMAN VISION 

CROSS-REFERENCE TO RELATED APPLICATIONS 

U.S. Patent No. 5,748,371, issued May 5, 1998 and entitled 
"Extended Depth of Field Optical Systems," is incorporated herein by 
5 reference. 

BACKGROUND OF THE INVENTION 
FIELD OF THE INVENTION : 

This invention relates to apparatus and methods for increasing the 
depth of field and decreasing the wavelength sensitivity of 
1 0 incoherent optical systems. In particular, this invention relates to 
extended depth of focus optics for human vision. 

DESCRIPTION OF THE PRIOR ART : 

In the human eye, it is well known that the accommodation of the 
lens decreases with age, and the bifocal or trifocal glasses are 
1 5 eventually needed in many cases. When a human lens must be 
replaced, an interocular implant is usually designed for viewing 
objects at infinity, and the person then uses reading glasses and 
other glasses of various strengths for vision at closer distances. 

Current techniques that are used experimentally in interocular 
20 implants provide two or more foci, for reading and distance vision, 
for example. This is done either with a shorter focal length lens 
placed in the center of a lens of a longer focal length, for example, 
or by use of diffractive optics that provides two foci. The result is . 
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one irt-focus image and one out-of-focus image. The human brain 
disregards the out-of-focus image and concentrates on the in-focus 
image. The major disadvantage of this technique is that if the two 
images are not aligned (as occurs when the lens is not centered, a 
5 frequent occurrence with contact lenses) the images do not line up 
and the out-of-focus image is apparent. As such a two-foci contact 
lens moves, the images move with respect to each other. Another 
disadvantage is loss of contrast. That is, the image looks washed 
out. The situation is even worse when the object is located between 
1 0 a reading distance and a very long distance; examples include the 
distance to a computer screen, a television set, or music on a 
stand. In these cases, two poorly focussed images are 
superimposed. 

Another commonly used approach is called monovision: a person is 
1 5 fitted with a lens on one eye for reading, and another lens on the 
other eye for distance viewing. The brain then selects the best 
focussed image to concentrate on. Again, images of objects that 
are at an intermediate distance cannot be seen clearly. Otherwise, 
this approach works for many people, but the inability to fuse 
20 images that are not both focussed has made this solution unusable 
for many others, in that case, the user sees two misregistered 
images 

The human brain can adapt to unchanging visual conditions, even 
when they markedly affect the immediate visual perception. An 
25 example of this was discussed above, where the brain is able to 
adapt to two images if one is in focus, by concentrating on the 
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in-foclis image and ignoring the other. 

As another example, the human brain can accommodate for the 
very large distortions present in varifocal lenses, which gradually 
move from providing clear vision at a distance, for objects seen 
5 through the upper portion of the lens, to providing clear vision of 

close objects when seen through the lower inside part of the lenses. 
Objects at an intermediate distance can be seen through the center 
of the lenses. 

An extreme example of how the brain can adapt to unchanging 
1 0 conditions was shown in experiments where mirrors were used to 
invert the images seen by a person. After a day or so, the brain 
turned the images upside down, so that the person saw a normal 
image. 

The human brain cannot adjust to conventional out-of-focus images, 
1 5 because the amount of blur changes with misfocus, or with distance 
from the in-focus plane. In addition, the blur is such that some 
information about the object being seen is lost. 

There is a need to extend the depth of focus of the human eye by 
modifying contact lenses, interocular implants, and the surface of 
20 the eye itself (with laser surgery, for example). 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide extended depth of 
focus (EDF) by modifying contact lenses, interocular implants, and 
natural human eyes. This is accomplished by applying selected 
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phasd variations to the optical elements in question (for example, by 
varying surface thickness). These phase variations EDF-code the 
wavefront and cause the optical transfer function to remain 
essentially constant within a large range away from the in-focus 
5 position. The human brain undoes the EDF-coding effects, resulting 
in an in-focus image over an increased depth of focus. While the 
human brain cannot compensate for general out-of-focus images, 
where the amount of blur changes with distance from the in-focus 
plane, it can compensate for the specific EDF-coding misfocus added 
1 0 by the optical mask, because that misfocus does not change with 
distance, and the phase variations are selected so that no 
information is lost in the process. 

For cases where the person still has some refocussing capability, 
the eye will change focus such that the image of the object being 

1 5 viewed falls into the extended region where the brain can decode the 
image. In the case of an interocuiar implant to replace a damaged 
lens, the amount of wavefront coding is tailored to give the required 
amount of invariance in the point spread function. The depth of 
focus can be increased to be 800% or greater than that of the 

20 normal eye. 

The selected phase variations to be applied to the optical element 
(for example, by varying surface thickness) are asymmetric phase 
distributions that modify the point spread function of the imaging 
system so that it does not change over a very large distance. 
25 There are a variety of wavefront coding shapes that can be used, 
including cubic phase functions. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 (prior art) shows a standard prior art imaging system using 
a contact lens. 

Figure 2 shows how two images are formed in a standard prior art 
5 imaging system 

Figure 3 shows an Extended Depth of Field (EDF) contact lens 
imaging system in accordance with the present invention. 

Figure 4 shows an Extended Depth of Field (EDF) interocular implant 
imaging system in accordance with the present invention. 

1 0 Figure 5 shows an Extended Depth of Field (EDF) modified natural 
eye imaging system in accordance with the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Figure 1 (prior art) shows a conventional optical imaging system 
using a contact lens over an eye. Object 15 is imaged through 

1 5 contact lens 28 through the cornea 26, the iris 27, lens 28, and the 
vitreous humor 29 onto the retina 30 Such a system creates a 
sharp, in-focus image at the retina 30 only if object 15 is located at 
or very close to the in-focus object plane. Some accommodation is 
provided by the lens 27. However, this lens hardens with age and 

20 loses its ability to refocus. If the distance from the back principal 
plane of lens 25 to retina 30 is d h and the focal length of contact 
lens 25 is f, the distance from the front principal plane of lens 28 
to object 15, d 0 must be chosen such that: 
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1/d 0 + 1/dj - t/f = 0 

in order for the image at retina 30 to be in adequate focus. The 
depth of field of an optical system is the distance that the object 
can move away from the in-focus distance and still have the image 
5 be in focus. For a simple system like Figure 1, the depth of focus is 
very small, unless the light is bright and the iris is stopped down. 

Prior attempts to solve this problem have used contact lenses and 
optical implants that have multiple (usually two) foci. One focus is 
correct for objects at infinity, and one is correct for objects at a 
1 0 close distance. This means that two images of an object at one of 
those locations are formed, one in focus, and one out of focus. 

Figure 2 shows this effect when imaging a point at infinity. Rays 
41 form a point image 50 at one of the foci of the combined system 
formed by contact lens, 25, cornea 26, and lens 28. The second 
1 5 focus of the system forms a blurred image 52. When the point 

object is at a reading distance, the previously blurred image 52 is in 
focus, and the image 50 becomes blurred. At other distances, 
neither image is in focus, and the degree of misfocus changes with 
object location. 

20 A general form of one family of EDF-coding phase variations is: 

P(x,y) = exp(j(ax 3 + Py 3 + yx 2 y + 5xy 2 )), x 2 +y 2 £ 1 

Choice of the constants, a, (3, y, and 8 allow phase functions that are 
rectangularly separable (with y = 5 = 0) to systems whose 
modulation transfer functions (MTFs) are circularly symmetric (a = 
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p = (Xq, y = 8 = -3a 0 ). For simplicity we will use the symmetric 
rectangularly separable form, which is given by: 

P(x,y) = expfloc (x 3 + y 3 )), x 2 +y 2 ^ 1 

where a is a parameter used to adjust the depth of field increase. 

5 Since this form is rectangularly separable, for most analyses its 
one-dimensional component can be considered: 

p(x,y) = exp(jocx 3 ), x 2 < 1 

As the absolute value of a increases, the depth of field increases. 
The image contrast before post-processing also decreases as a 
1 0 increases. This is because as a increases, the MTF slumps down. 

Figure 3 shows the effect of the EDF-coding phase element on the 
rays that pass through the eye. Rays 41, which come from a point 
at infinity, pass through contact lens 65, cornea 26, and lens 28, do 
not form a focus anywhere. Phase coding might be applied by 

1 5 variations in the thickness of lens 65 (exaggerated here for clarity). 

An expanded view of the ray pattern near the retina 30 is shown in 
expanded view 70 where the retina is at plane 72. This is unlike the 
ray pattern for an eye with a normal contact lens, It also is unlike 
the two-foci lens of Fig. 2. As the object point moves in from 

2 0 infinity, the ray pattern in the region of the retina, shown expanded 

in 70, moves to the left, but the cross section of the ray pattern 
that falls on the retina does not change appreciably. This means 
that no matter where the object is, the same pattern will fall on the 
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retina. When the object is not a point, the object distribution is 
convolved with the unchanging ray distribution (the point spread 
function). The brain can deconvolve the resulting coded image 
because the point spread function of the eye, modified with the EDF- 
5 coding optics, does not change appreciably. This is in contrast to 
the changes that normally occur in the point spread function when 
there is misfocus. 

For large enough a, the MTF of a system using a cubic PM mask can 
be approximated by: 

|H|(u,¥) . J_* uOO 
\ 3 au 

10 

|H|(u.¥) ■ 2, u=0 

Where u is the spatial frequency in the x direction and y is the degree 
of misfocus. Thus, the cubic-PM mask is an example of a mask which 
modifies the optical system to have a near-constant MTF over a range 
of object distances. The particular range for which the MTF does not 
1 5 vary much is dependent on a. This range (and thus the depth of field) 
increases with a. However, the amount that the depth of field can be 
increased is practically limited by the" fact that contrast decreases as 
a increases. However, for the human eye only moderate increases in 
depth of field are needed. 

20 Figure 4 shows an Extended Depth of Field (EDF) interocular implant 
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imaging 'system in accordance with the present invention where the 
EDF-coding optical shape is on the implant lens 75. The phase coding 
results in misfocus as shown in expanded view 70 of Figure 3. 

Figure 5 shows an Extended Depth of Field (EDF) modified natural eye 
5 imaging system in accordance with the present invention where the 
EDF-coding optical shape is on the cornea 85. The cornea can be 
modified using laser surgery, e.g. Phase coding is applied by variations 
in the thickness of cornea 85 (exaggerated here for clarity). The 
phase coding results in misfocus as shown in expanded view 70 of 
1 0 Figure 3. 

What is claimed is: 
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CLAIMS 

1 . Apparatus for increasing the depth of field of an optical system 
comprising: 

an optical mask positioned between the object and the eye retina, 

said -mask being constructed and arranged to alter the optical transfer 
function of the optical system in such a way that the altered optical 
transfer function is substantially insensitive to the distance between 
the object and the optical system over a greater range of object 
distances than was provided by the unaltered optical transfer function, 

wherein said mask affects said alteration to the optical transfer 
function substantially by affecting the phase of light transmitted by 
said mask. 

2. The apparatus of claim 1 wherein the mask is incorporated into a 
contact lens. 

3. The apparatus of claim 1 wherein the mask is incorporated into an 
interocular implant. 

4. The apparatus of claim 1 wherein the mask is implemented as 
variation on the surface of the cornea 
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